In this study, fluorescence of self-assembled multilayers (SAMs) of carbon dots (CDs) was found to be enhanced by graphene. The number of polyelectrolyte layers can be tuned to control the distance between CDs and graphene in SAMs. The enhanced fluorescence efficiency was found to be dependent on graphene concentration, degree of graphene reduction, and the distance between CDs and graphene surface. When graphene concentration and polyelectrolyte bilayer number were set to 0.005 mg mL À1 and 3 layers, respectively, fluorescence intensity of CDs could be increased up to 3.2 times. Tetracycline hydrochloride (Tc) could be detected by the established SAMs in the presence of graphene as the sensitivity was 2 orders higher than that of SAMs in the absence of graphene. Limit of detection of this sensing system was 0.9284 nM, which is 1-3 orders of magnitude lower than those of most of reported fluorescence sensors. This method could be successfully applied to detect trace Tc in milk samples.
Introduction
Tetracycline hydrochloride (Tc) is a well-known antibacterial drug, widely used in pharmaceuticals, food and environmental elds.
1,2 Although Tc is benecial for treatment of some diseases, its residues in food may lead to some allergic reactions. According to European Union law, the maximum amount of tetracycline hydrochloride in milk must not exceed 100 ng mL À1 (ca. 225 nM). 3 Therefore, it is desirable to establish a highly sensitive and simple method to detect Tc.
As an important and effective analytical tool, uorescence analysis has been widely used in the elds of life sciences, medicine and environmental monitoring. [4] [5] [6] However, uores-cence quantum yields of some uorescent materials are low, resulting in poor detection sensitivity, thus limiting their applications in uorescence analysis. Plasmon-enhanced uo-rescence (PEF) effect can greatly enhance uorescence intensity of probes, leading to signicantly increased sensitivity of detection, thus expanding the scope of applications. 7, 8 In recent years, studies on PEF materials mainly focused on metal nanoparticles, such as AgNPs and AuNPs. 9, 10 However, these materials have several shortcomings, such as poor light stability, low biocompatibility and relatively large optical loss. These shortcomings limit the application scope of PEF sensors. Therefore, it is necessary to explore novel materials that are cheap, stable and biocompatible for use in surface enhanced uorescence.
Graphene, a rising star in the world of materials, is widely used in various elds because of its outstanding electronic and optical properties. 11 One of these properties is that under certain conditions, graphene can produce surface plasmon, similar to that of metal nanoparticles. 12 In addition, graphene surface plasmon has the following excellent properties: it has extremely high wave momentum; it is a strong longitudinal local plasmon; it has infrared to terahertz band work area; and it is highly adjustable compared to metal surface plasmon. 13, 14 It should be pointed out that there many reports have focused on enhanced Raman spectroscopy, but reports involving enhanced uorescence spectroscopy are rare. [15] [16] [17] Until now, only a few examples involving the study of the phenomenon of enhanced uorescence by graphene have been reported, including studies on uorescence enhancement of GeSi quantum dots, SnO 2 nanostructures and ZnO nanostructures by graphene.
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Self-assembled multilayers (SAMs) can be easily prepared and converted to devices, and therefore, SAMs have been widely applied in biochemical analysis. 21, 22 Our group has reported that solid-liquid interfacial detection based on uorescent selfassembled multilayers can provide high sensitivity. [23] [24] [25] SAMs can be employed to easily control the distance between graphene and uorophores with a polyelectrolyte.
Recently, carbon dots (CDs) have attracted considerable attention due to easy preparation, high photochemical stability and good biocompatibility, compared with traditional semiconductor quantum dots and organic dyes. 26, 27 Moreover, CDs have also been applied in the sensing of ions (such as Hg 2+ , Cu 2+ , and ClO instance, dopamine, bilirubin, and L-/D-arginine) [31] [32] [33] and proteins. 34 In this study, we synthesized poly(diallyldimethylammonium) chloride functionalized graphene (PDDA-G) with different reduction degrees to study its uorescence enhancement efficiency. CDs were selected as uorescent probes. PDDA and sodium polystyrenesulfonate (PSS) polyelectrolyte assembling layers were used to control the distance between CDs and PDDA-G surface (Scheme 1). Experimental results show that graphene can enhance uorescence intensity of CDs-based SAMs. Efficiency of uorescence enhancement of CDs was found to strongly depend on the distance between CDs and PDDA-G surface, graphene concentration, and degree of graphene reduction. This SAMs sensor could be further applied to detect trace Tc with limit of detection (LOD) of 0.9284 nM.
Experimental

Chemicals and reagents
Poly(diallyldimethylammonium)chloride (PDDA, MW 100 000-200 000) and tetracycline hydrochloride (Tc) were purchased from Aladdin (Shanghai, China). Sodium polystyrenesulfonate (PSS, MW 70 000) was obtained from Acros (USA). Procaine hydrochloride, clindamycin hydrochloride, cefotaxime sodium, 1,3,5-triazine, and trimethoprim were supplied by Macklin (Shanghai, China). Graphene oxide (GO) was purchased from Nanjing Xianfeng Nano Co. Ltd (Nanjing, China). Other reagents were of analytical grade and used without further purication. Ultrapure water was prepared by a Milli-Q water purication system (USA). Carbon dots (CDs) were synthesized according to the reported literature.
Apparatus
All uorescence spectra were recorded on a HITACHI F-7000 uorescence spectrometer (Hitachi, Japan). Absorption spectra were obtained from a UV-2600 UV-Vis spectrophotometer (Shimadzu, Japan) and a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent, USA). Fluorescence images were obtained from a Leica TCS SP8 laser scanning confocal microscope (Leica, Germany). Fluorescence quantum yield measurements were conducted on a FLS-920 steady-state/transient uorescence spectrometer (Edinburgh Instruments, UK). Fluorescence lifetime decay curves were obtained on a FS5 uorescence spectrometer (Edinburgh Instruments, UK). Raman spectra were measured with an InVia confocal Raman spectrometer (Renishaw, UK). Thickness of the graphene lm was recorded by atomic force microscopy (AFM, Mutimode-8J, America). The potentials of PDDA-G and CDs were recorded by a Zetasizer Nano ZS (Malvern Instruments Ltd., UK). Assembly process was monitored in real time using a quartz crystal microbalance (QCM, Q-Sense Biolin Scientic, Sweden). Morphology of SAMs was probed by using a scanning electron microscope (SEM, FEI Inspect F50, America). Morphology of CDs was recorded by using a transmission electron microscope (TEM, H-7650, Japan). PDDA-LG was synthesized using a Xe lamp (CHF-XM-500 W, China) as the light source.
Construction of quartz/PDDA-G/(PSS/PDDA) n /CDs SAMs Quartz substrates were hydroxylated as previously reported.
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Then, PDDA-G with different concentrations was poured onto the hydroxylated substrates and placed into an oven for 1 h. Then, the substrates with PDDA-G were dipped into 1 g L À1 PSS
and 1% (v/v) PDDA (0.1 M NaCl), sequentially, for 1 h. This process was repeated n times. Finally, these substrates were immersed into a CDs solution for 3 h and quartz/PDDA-G/(PSS/ PDDA) n /CDs SAMs were obtained.
Results and discussion
Characterization of PDDA-G
The obtained PDDA-G was characterized by UV-Vis, Raman and FTIR. UV-Vis absorption spectra of GO and PDDA-G were recorded, as shown in Fig. 1a . Compared with GO, the p-p* transition of C]C of PDDA-G shis from 230 nm to 270 nm and the shoulder peak at ca. 300 nm disappears. Raman spectral results are presented in Fig. 1b . PDDA-G and GO show similar Raman spectra. The peak (D peak) at ca. 1350 cm À1 is the structural disorder peak and the graphite lattice defect peak, which is caused by vibration of sp 3 hybrid carbon atoms. The G peak at ca. 1600 cm À1 is the typical Raman peak of bulk crystalline graphite, which is usually related to sp 2 hybrid carbon atoms. In general, the degree of disorder of carbon material can be expressed as the ratio of the two integrated peak areas (I D /I G ). By tting calculations, it was found that I D /I G ratio of PDDA-G Scheme 1 Schematic representation of assembly of (1) quartz/PDDA-G/(PSS/PDDA) 3 /CDs and (2) quartz/PDDA/(PSS/PDDA) 3 /CDs SAMs. and 1193 cm À1 (C-N), compared with the FTIR spectrum of GO, corresponding to the characteristic bands of PDDA. These observations suggest that graphene has been successfully functionalized by PDDA with a positive charge (Fig. S1a †) .
Characterization of CDs
Blue uorescent CDs were prepared by hydrothermal treatment. TEM image of CDs reveals that the as-prepared CDs show spherical morphology and are uniform in overall distribution with an average particle size of 5.24 nm (Fig. 2) . Zeta potential results show a value of À23.02 mV, indicating that the CDs' surface has negative charges (Fig. S1a †) . FTIR spectra show the presence of amide functional groups on the surface of the CDs, in addition to hydroxyl, carboxyl and sulydryl groups (Fig. S2a †) . As shown in the UV-Vis absorption spectra (Fig. S3 †) , one absorption peak was located at 246 nm, attributed to p / p* transition of C]C bond, while another peak at 342 nm was attributed to n / p* transition of C]O bond. Fluorescence spectra of CDs show that the maximum peak is centered at 421 nm under a 350 nm excitation wavelength.
Characterization of SAMs
In order to monitor the assembly process, QCM was employed to investigate the assembly of the layers. As the number of layers increased, the frequency continuously decreased and the corresponding dissipation continuously increased, indicating an increase in the mass of SAMs, as shown in Fig. 3 . Therefore, it could be concluded that these layers had been deposited on the surface of the substrate by electrostatic interaction. The asprepared SAMs were characterized by SEM (Fig. S4 †) . We found that the entire surface of the SAMs was distributed uniformly with CDs. The as-prepared SAMs had good light stability, as shown in Fig. S5 . †
Graphene uorescence enhancement in SAMs
In this study, PDDA-G and CDs were selected as the plasmatic material and the uorophore, respectively. PDDA-G with positive charge can effectively avoid aggregation of graphene during the assembly process, which is benecial for electrostatic assembly. CDs with negatively charged surface groups and excellent photostability were chosen as the uorophore to probe uorescence enhancement by graphene (Fig. S1b †) . As shown in Fig. 4 , PDDA-G effectively enhances uorescence intensity of CDs SAMs. The uorescence intensity of CDs SAMs with graphene was ca. 3.2 times higher than that of CDs SAMs without graphene. As shown in Fig. S12 , † we found that enhancement efficiency was closely related to excitation wavelength 18 and uorescence enhancement efficiency was maximized at excitation wavelength of 350 nm. Interestingly, the uorescence lifetimes of CDs SAMs in the presence and absence of graphene were measured to be 4.342 ns and 5.721 ns, respectively. Corresponding quantum yields increased from 35.27% to 46.03%. Considering reduced lifetimes and increased uorescence quantum yields of SAMs with PDDA-G, the mechanism of graphene enhanced uorescence should be similar to that of metal enhanced uorescence.
The following experiments also conrmed that graphene could enhance uorescence intensity of SAMs. The uorescence microscopy images of quartz/PDDA-G/(PSS/PDDA) 3 /CDs SAMs and quartz/PDDA/(PSS/PDDA) 3 /CDs SAMs are shown in Fig. 5 . It could be observed that uorescence intensity of each region of quartz/PDDA-G/(PSS/PDDA) 3 /CDs SAMs was stronger than that of quartz/PDDA/(PSS/PDDA) 3 /CDs SAMs due to the presence of graphene in the former, as shown in Fig. 5c .
To further investigate the enhancing effect of graphene, UVVis absorption spectra of quartz/PDDA-G/(PSS/PDDA) 3 /CDs SAMs and quartz/PDDA/(PSS/PDDA) 3 /CDs SAMs were recorded (Fig. S6 †) . Absorbance at 350 nm of CDs in these two SAMs was found to be unchanged, indicating that absorbed amounts of CDs on these two SAMs were consistent. Therefore, uorescence intensity enhancement of CDs SAMs did not occur due to the increase in the amount of CDs in SAMs.
Optimization of PDDA-G concentration
To explore the effect of graphene concentration on uorescence enhancement, PDDA-G assembled on quartz surface with concentrations of graphene varying from 0.001 mg mL À1 to 0.1 mg mL À1 was systematically studied. Results show that uorescence intensity of CDs is PDDA-G concentrationdependent. Fluorescence intensity of CDs-based SAMs rst increased and then decreased with the increase in PDDA-G concentration (Fig. S7 †) . When PDDA-G concentration was 0.005 mg mL À1 , uorescence intensity of CDs was enhanced and thickness of the graphene layer at this PDDA-G concentration was ca. 4 nm (Fig. S8 †) . Since the transmittance decreased with the increase in PDDA-G concentration, uores-cence intensity of CDs SAMs was quenched.
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Optimization of layers of polyelectrolyte
Fluorescence enhancement by graphene is dependent on the distance between CDs and PDDA-G surface. In this study, (PDDA/PSS) n bilayers were employed to control the spacing distance between PDDA-G and CDs. The thickness of one bilayer of PSS/PDDA is ca. 3 nm, 37 and the uorescence spectra of CDs with different numbers of spacer layers on quartz/PDDA-G/(PSS/PDDA) n /CDs SAMs were examined (Fig. 6a) . To further understand the enhanced efficiency of graphene, the enhancement factor (EF) was dened as the following equation:
where F Gr and F NGr . represent uorescence intensity of SAMs with and without graphene, respectively. Enhancement factor was plotted against the number of bilayers, as shown in Fig. 6b . The optimal layer number of polyelectrolytes was found to be 3 layers and thickness was ca. 9 nm; corresponding EF was calculated to be ca. 3.2.
Effect of degree of graphene reduction on uorescence enhancement
To investigate the effect of the change in graphene structure on uorescence enhancement, graphene with different degrees of graphene reduction was synthesized under various reduction conditions, namely, room temperature, photochemical reduction and hydrothermal reaction. On conducting the synthesis reactions, the strongest peak in the UV-Vis absorption spectra of graphene was found to gradually shi from 230 nm to 270 nm, 38 as shown in Fig. 7a , indicating that the degree of graphene reduction gradually increased. Moreover, Raman spectra of four different graphene samples were recorded. The increase in I D /I G ratio indicated that the degree of graphitization gradually increased 39 (Fig. 7b) . These experimental results showed that the degree of graphene reduction of PDDA-G was the highest. Degree of graphene reduction was found to have a signicant effect on uorescence enhancement efficiency (Fig. 8) . As the degree of graphene reduction increased, the uorescence enhancement efficiency continuously increased. However, uorescence spectra of quartz/GO/(PSS/PDDA) 3 /CDs SAMs show much weaker intensity than those of other platforms, probably due to the enhanced energy transfer from CDs to GO.
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Sensing for Tc based on inner lter effect
Since graphene can enhance uorescence of SAMs, detection sensitivity should be improved. Therefore, CDs-based SAMs with graphene were expected to develop a sensing device with high sensitivity. Our experiments revealed that uorescence intensity of CDs could be effectively quenched by introduced Tc. In general, quenching mechanisms involve energy transfer, electron transfer, inner lter effects, etc. In this study, it was found that uorescence lifetime of CDs did not change in the presence of Tc (Fig. S9b †) . To further probe the mechanism of uorescence quenching by Tc, the reduction potential of CDs was detected as À0.475 V (Fig. S10a †) . Then, the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) energy levels of CDs were calculated as À3.93 eV and À7.47 eV, respectively. The E LUMO and E HOMO of Tc have been obtained as À3.87 eV and À6.20 eV, respectively. 40 Therefore, it was considered that electrons in the HUMO of CDs could not be transferred to the HUMO of Tc, as shown in Fig. S10b . † Furthermore, emission spectra of CDs effectively overlap with absorption spectra of Tc (Fig. S9a †) . Therefore, it can be deduced that CDs' uorescence was quenched by Tc probably due to the inner lter effect (IFE) rather than energy transfer or electron transfer.
Aer optimization of experimental conditions, Tc at different concentrations was added into SAMs system. It was found that uorescence intensity of SAMs in 10 mM PB buffer solution of pH 6.8 gradually decreased (Fig. 9a) . The relationship between F 0 /F of quartz/PDDA-G/(PSS/PDDA) 3 /CDs SAMs and Tc concentration was established (Fig. 9b) Table S2 † and indicate that SAMs have high selectivity for detecting Tc.
Detection of Tc in milk
The SAMs sensor was further applied for detecting Tc in milk samples. Milk samples were pre-processed according to reported literature. 41 The milk samples were mixed with different concentrations of Tc. As shown in Table 1 , recoveries of 99.77-101.38% and relative standard deviations of 1.94-4.55% were obtained, indicating that this method has favorable recovery and precision, suitable for application to practical analysis.
Conclusions
In summary, it was found that the uorescence of SAMs could be greatly enhanced. The enhanced uorescence efficiency was dependent on graphene concentration, degree of graphene reduction, and the distance between CDs and graphene surface. When the highly reduced graphene was used and CDs were chosen as uorescence probe, uorescence enhancement efficiency of SAMs was improved. Fluorescence intensity of CDsbased SAMs in the presence of graphene was increased by 3.2 times, with PSS/PDDA distance of 3 bilayers compared with CDs SAMs in the absence of graphene. The established quartz/PDDA-G/(PSS/PDDA) 3 /CDs SAMs were employed to detect trace Tc based on IFE between CDs and Tc. A good linear relationship between F 0 /F and Tc concentration was obtained. Compared with other reported detection techniques, this method showed excellent sensitivity with LOD of 0.9284 nM, which was 2 orders higher than that of SAMs in the absence of graphene. Therefore, graphene, which can be incorporated into a new generation of plasmatic materials for surface-enhanced uorescence, is expected to be a substitute for traditional precious metal materials.
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